Abstract. Hypoxia-inducible factor-1α (HIF-1α) has been implicated in the pathogenesis of hypoxic pulmonary hypertension (PH). However, the potential clinical value of HIF-1α as a therapeutic target in the treatment of PH has not yet been evaluated. In this study, an animal model of hypoxia-induced PH was established by exposing adult rats to 10% O 2 for 3 weeks, and the effects of the lentivirus-mediated delivery of HIF-1α short hairpin RNA (shRNA) by intratracheal instillation prior to exposure to hypoxia on the manifestations of hypoxia-induced PH were assessed. The successful delivery of HIF-1α shRNA into the pulmonary arteries effectively suppressed the hypoxiainduced upregulation of HIF-1α, accompanied by the prominent attenuation the symptoms associated with hypoxia-induced PH, including the elevation of pulmonary arterial pressure, hypertrophy and hyperplasia of pulmonary artery smooth muscle cells (PASMCs), as well as the muscularization of pulmonary arterioles. In addition, the knockdown of HIF-1α in cultured rat primary PASMCs significantly inhibited the hypoxia-induced acceleration of the cell cycle and the proliferation of the PASMCs, suggesting that HIF-1α may be a direct mediator of PASMC hyperplasia in hypoxia-induced PH. In conclusion, this study demonstrates the potent suppressive effects of HIF-1α shRNA on hypoxia-induced PH and PASMC hyperplasia, providing evidence for the potential application of HIF-1α shRNA in the treatment of hypoxic PH.
Introduction
Pulmonary hypertension (PH) is a complication of numerous pulmonary conditions. PH is currently classified into five categories according to different etiologies of the disease as follows: pulmonary arterial hypertension, PH due to left heart disease, PH due to lung disease, chronic thromboembolic PH and PH due to unclear multifactorial mechanisms (1) . If left untreated, PH can lead to right-sided heart failure and even mortality (2, 3) .
Prolonged exposure to alveolar hypoxia, at a high altitude or secondary to chronic pulmonary or cardiovascular diseases, is an important cause of PH (4) . Acute hypoxia induces vasoconstriction that causes a reversible increase in pulmonary vascular resistance, whereas prolonged hypoxia stimulates vascular remodeling and persistent vasoconstriction in hypoxic PH by inducing the proliferation and migration of pulmonary arterial smooth muscle cells (PASMCs), altering the behavior of pulmonary arterial endothelial cells (PAECs) and myofibroblasts, and accumulating the extracellular matrix proteins secreted by the resident cells (5) . Moreover, the interactions between different types of cells are also critical in the pathophysiology of PH. For example, PAECs have been shown to release a variety of factors that stimulate PASMC proliferation (6, 7) . A prominent pathological change in the blood vessels of patients with PH is the muscularization of distal pulmonary arteries, as evidenced by an in increase in the number of α-smooth muscle actin (α-SMA)-positive cells in in situ immunohistochemical analysis (8) , implying that PASMCs act as an essential player in the pathogenesis of PH.
Hypoxia-inducible factor-1 (HIF-1) is a nuclear transcription factor that functions as a master regulator of adaptive responses to hypoxia (9) . HIF-1 is a heterodimer composed of an O 2 -regulated HIF-1α subunit and a constitutively expressed HIF-1β subunit. Under hypoxic conditions, HIF-1 is stabilized and activates the transcription of numerous genes, the products of which are involved in angiogenesis, erythropoiesis, energy metabolism and cell survival (10) . HIF-1 has been implicated in the pathogenesis of PH based on both experimental and clinical data. Mice with heterozygous knockout of HIF-1α (Hif1a +/-) have been shown to display attenuated manifestations of chronic hypoxia-induced PH, such as hypoxia-induced muscularization of pulmonary arterioles and medial wall thickening (11) . Recently, using a mouse model with smooth muscle-specific knockout of HIF-1α, Ball et al demonstrated that HIF-1α in the smooth muscle cells played a crucial role in pulmonary vascular remodeling and the development of PH in response to chronic hypoxia (12) . In addition, clinical studies have revealed a marked elevation in HIF-1α expression in proliferating PAECs of plexiform lesions within the lungs of patients with severe PH (13).
These findings implicate HIF-1α in the pathologic alterations in both PASMCs and PAECs in PH, suggesting that HIF-1α, as a master regulator of hypoxic responses, is a promising therapeutic candidate for hypoxic PH. In addition to HIF-1α, a study on HIF-2α, a HIF-1α homologue, demonstrated that the heterozygous deletion of HIF-2α attenuated hypoxia-induced PH in mice (14) , suggesting that HIF-2α also contributes to the development of hypoxic PH; however, whether HIF-3 is involved in the pathogenesis of PH remains unknown.
In this study, an animal model of hypoxia-induced PH was established by exposing adult rats to 10% O 2 for 3 weeks. The effects of the lentivirus-mediated delivery of HIF-1α short hairpin RNA (shRNA), which was administered by intratracheal instillation prior to exposure to hypoxia, on the manifestations of hypoxia-induced PH were assessed. In addition, rat primary PASMCs were cultured in vitro and transduced with HIF-1α shRNA in order to examine the anti-proliferative effects of HIF-1α shRNA on PASMCs.
Materials and methods
Lentiviruses. An EGFP-encoding lentiviral strains carrying the shRNA oligonucleotides that target 5'-GACCAACAA CUUGAAGAUG-3' or 5'-GCAGCAGGAATTGGAACGT-3' on HIF-1α mRNA, namely HIF-1α shRNA #1 and HIF-1α shRNA #2, respectively, were ordered from HanBio (Shanghai, China). A scramble shRNA with the sequence of 5'-GATCCCC GTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGA CACGTTCGGAGAACTTTTT-3' was cloned in parallel to create a control lentiviral strain.
Animal model of chronic hypoxia-induced PH and delivery of lentiviruses to the lungs. All animal experimental procedures were approved by the Animal Care and Ethics Committee of China Medical University, Shenyang, China and performed in accordance with the Guidelines for the Care and Use of Laboratory Animals. The development of the animal model of chronic hypoxia-induced PH and shRNA delivery to the pulmonary vessels were conducted based on a previously described method (15) . Briefly, 6-8-week-old Sprague-Dawley (SD) rats, purchased from Liaoning Changsheng Biotech Biotech Co., Ltd. (Benxi, China), were assigned to the following 5 groups (n=6/group): i) normoxia (untreated); ii) hypoxia; iii) hypoxia + scramble; iv) hypoxia + HIF-1α shRNA #1; and v) hypoxia + HIF-1α shRNA #2. Following anesthesia, 1.5x10 8 U of lentiviruses harboring HIF-1α shRNA or scramble shRNA was administered to each rat by intratracheal instillation through the mouth (in a total of 300 µl, and 50 µl was instilled per day for 6 days). Following 6 days of lentiviral treatment, the rats, apart from those in the normoxia group, were exposed to hypoxia (10% O 2 environment) for 3 weeks to induce PH, and the rats in the normoxia group were maintained under the normoxic conditions (21% O 2 ) during the same period.
Determination of right ventricular systolic pressure. Following 3 weeks of exposure to hypoxia or normoxia, right ventricular systolic pressure (RVSP) was measured based on a previously described method (16) using the BL420S animal performance analyzing system (Thaimeng, Chengdu, China). Briefly, the rats were anesthetized and placed on their backs. An incision was made on the neck to expose the trachea, which was then connected to a respirator. The respiratory parameters of the mechanical ventilation were set as follows: respiratory rate, 80 breaths/min; tidal volume, 6-10 ml/kg/min. A catheter was punched in the right external jugular vein and pushed along the vein to reach the right ventricle. The other end of the catheter was connected to the BL420S system for the measurement of RVSP.
Fluorescence microscopy for the determination of lentiviral transduction to the lungs. Following the determination of RVSP, the rats were euthanized by an overdose of anesthesia (10% chloral hydrate at 5 ml/kg body weight), and the lungs were excised. A fraction of the lung tissues was fixed with 4% paraformaldehyde, dehydrated with sucrose and embedded in optimal cutting temperature (OCT) compound, and 10-µm-thick cryosections were obtained using the Leica CM1860 cryosectioning station (Leica, Wetzlar, Germany). The intensity of green fluorescence protein (GFP) in the lung sections was examined under an Olympus BX53 fluorescence microscope (Olympus, Tokyo, Japan) at x200 magnification.
Isolation of pulmonary arteries from SD rats. The isolation of the pulmonary arteries was performed as previously described (17) . Briefly, the rats were sacrificed, and the lungs were excised from the chest cavity and rinsed with phosphate-buffered saline (PBS). The superficial tissue and the bronchus artery were discarded with fine micro-scissors, and the adventitia was removed from the isolated arteries under a dissecting microscope (AE31; Motic Electric, Xiamen, China). The isolated arteries were then frozen in liquid nitrogen for later experiments.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from the rat pulmonary arteries or the cultured PASMCs using the RNAsimple total RNA kit (Tiangen, Beijing, China), and then reverse transcribed into cDNA using Super M-MLV reverse transcriptase (BioTeke, Beijing, China). The mRNA levels of HIF-1α and β-actin were determined by quantitative PCR (qPCR) in an Exicycler 96 quantitative fluorescence analyzer (Bioneer, Daejeon, Korea) using SYBR-Green Master Mix (Solarbio, Beijing, China) and the following primers: HIF-1α forward, 5'-CCTACT ATGTCGCTTTCTTGG-3' , and HIF-1α reverse, 5'-GTTTCT GCTGCCTTGTATGG-3'; β-actin forward, 5'-GGAGA TTACTGCCCTGGCTCCTAGC-3', and β-actin reverse, 5'-GGCCGGACTCATCGTACTCCTGCTT-3'.
Western blot analysis. For total protein extraction, the pulmonary arteries were physically homogenized and lysed with RIPA lysis buffer containing 1% v/v PMSF, and the cultured PASMCs were lysed with NP-40 lysis buffer (both from Beyotime, Haimen, China). Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto a PVDF membrane (Millipore, Bedford, MA, USA). The membrane was blocked with 5% milk and incubated with anti-HIF-1α antibody (1:400; Cat. no. PB0245; Boster, Wuhan, China) overnight at 4˚C, followed by incubation with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG secondary antibody (1:5000; Cat. no. A0208; Beyotime) for 45 min at room temperature. Thereafter, the immune complexes were visualized using the ECL system (Qihai Biotechnology, Shanghai, China). To verify equal loading and transfer, the membrane was re-probed with anti-β-actin antibody (1:1000; Cat.no. sc-47778; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and goat anti-mouse IgG (1:5000; Cat. no. A0216; Beyotime). The film was scanned and analyzed using Gel-Pro-Analyzer software for densitometric measurement of the target bands using β-actin as an internal control.
Morphometric and immunohistochemical analyses.
A fraction of the excised lungs was fixed in 4% paraformaldehyde and embedded in paraffin. Paraffin blocks of the lung tissues were sliced into 5-µm-thick sections. Some sections were stained with hematoxylin and eosin (H&E) following the standard protocol for morphological examination as in previous studies (18) , and vascular remodeling was assessed based on a previously described method (15) . Briefly, 60-80 intra-acinar vessels per rat accompanying either alveolar ducts or alveoli were evaluated by two researchers in a blinded manner. The external diameter and internal diameter of these arteries were measured by the use of ImageJ software (NIH, Bethesda, MD, USA). The arterial wall thickness was calculated as follows:
For immunohistochemical analysis, following antigen retrieval, the lung sections were treated with 3% H 2 O 2 , blocked with goat serum and incubated with anti-α-SMA antibody (Abcam, Cambridge, MA, USA) overnight at 4˚C, followed by serial incubations with biotin-conjugated goat anti-mouse IgG secondary antibody and HRP-labeled streptavidin (both from Beyotime). Diaminobezidine (Sigma-Aldrich, St. Louis, MO, USA) was added to initiate the chromogenic reaction, and hematoxylin was used to stain the nuclei. The sections were mounted and examined under a microscope (DP73; Olympus) at x400 magnification.
Preparation and culture of PASMCs, lentiviral transduction and exposure to hypoxia. Another group of 6-8-week-old healthy male SD rats (purchased from Liaoning Changsheng Biotech Biotech Co., Ltd.) was used for the isolation of PASMCs by an explant method as previously described (19) . Briefly, the thoracic aorta was removed and washed with PBS. A longitudinal incision was made, and the inner endothelial layer was scraped off gently with a scalpel. The aorta was cut into 1-3 mm 2 pieces. The aortic fragments from 2 rats were placed with the inner surface down in one FBS-rinsed 35 mm 2 culture dish. After 12 h of incubation at 37˚C, approximately 5x10 5 attached cells were obtained. The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Carlsbad, CA, USA) supplemented with 20% fetal bovine serum (FBS; HyClone, Logan, UT, USA) at 37˚C in an atmosphere of 21% O 2 and 5% CO 2 . The PASMCs were identified by immunofluorescence staining with anti-α-SMA antibody (1:50), and the images were captured under an Olympus BX53 fluorescence microscope at x600 magnification. Cells between passage 3 and 8 were infected with lentiviruses harboring HIF-1α shRNA #1 or scramble shRNA, and cultured at 37˚C in a normoxic environment for 24 h. Thereafter, the medium was changed to fresh culture medium and the cells were placed in a 37˚C chamber of 5% O 2 and 5% CO 2 for exposure to hypoxia for 48 h. Non-transduced cells were cultured in a normoxic environment (21% O 2 ) or in a hypoxic environment (5% O 2 ) as the controls.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell proliferation assay.
At 24 h after viral infection, the PASMCs were seeded into 96-well plates at a density of 3,000 cells/well, and the cells were exposed to hypoxia or normoxia for 48 h. Thereafter, the cells were incubated with 0.2 mg/ml MTT (Sigma-Aldrich) for 4 h at 37˚C in a normoxic environment. Subsequently, the medium was carefully aspirated and 200 µl DMSO was added in to each well to dissolve the MTT-formazan crystals completely. Optical density (OD) values at 490 nm were measured using an ELX-800 microplate reader (BioTek, Winooski, VT, USA). This experiment was performed in 5 replicates.
Flow cytometry for cell cycle analysis. Following viral transduction and 48 h of exposure to hypoxia or normoxia, the cell cycle of the PASMCs was analyzed by flow cytometry. The cells were fixed in 70% ethanol for 2 h at 4˚C, and incubated in propidium iodide (PI) solution containing 50 µg/ml RNase A (Beyotime) for 30 min, followed by analysis using a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
Statistical analysis. Raw data were analyzed using GraphPad PRISM software (version 5.0; GraphPad Software, San Diego, CA, USA). Values are expressed as the means ± standard deviation (SD) of individual rats within the group or of 3 independent experiments for the in vitro assays. Comparison between multiple groups was performed using one-way analysis of variance (ANOVA), followed by Bonferroni post-hoc test for comparisons between 2 groups. The difference was considered statistically significant when P<0.05.
Results

Reduction of hypoxia-induced HIF-1α expression in pulmonary arteries by RNA interference (RNAi).
The inhibition efficiency of HIF-1α shRNA #1 and HIF-1α shRNA #2 on HIF-1α expression was tested in an in vitro pilot experiment (data not shown). The EGFP-encoding lentiviruses harboring HIF-1α shRNA #1 or HIF-1α shRNA #2 were administered into the lungs of the SD rats by intratracheal instillation, and the signals of GFP were predominantly detected in the cells aligning the pulmonary arteries and arterioles 3 weeks after lentiviral administration (Fig. 1A) . This probably occurred as the lentivirus underwent replication in the proliferating PAECs and PASMCs in response to chronic hypoxia, and thus only the proliferating cells could produce adequate GFP for microscopic detection. Following exposure to hypoxia for 3 weeks, the expression of HIF-1α in the pulmonary arteries was increased by 3.59-fold at the mRNA level (P<0.001) and by 3.43-fold at the protein level (P<0.001), as compared to the normoxia group (Fig. 1B and C) . By contrast, both HIF-1α shRNA #1 and HIF-1α shRNA #2 effectively reduced the hypoxia-induced elevation of HIF-1α at the mRNA and protein level (P<0.001) in the pulmonary arteries, whereas the scramble shRNA had no effect on HIF-1α expression. These results indicated a successful lentivirus-mediated gene delivery to the pulmonary arteries and a marked inhibition efficiency of the HIF-1α shRNAs against the hypoxia-induced upregulation of HIF-1α.
Suppression of the expression of HIF-1α in pulmonary arteries attenuates hypoxia-induced PH and pulmonary arterial remodeling.
The morphology of the lung vessels following exposure to chronic hypoxia with and without manipulation of HIF-1α expression was examined by H&E staining. The results revealed an increased thickness of the pulmonary arterioles due to smooth muscle cell (SMC) hypertrophy (increase in cell volume) and hyperplasia (over-proliferation) ( Fig. 2A) , which are hallmarks of PH (20) . Morphometric analysis revealed that chronic hypoxia increased the medial thickness of the pulmonary arterioles compared with the normoxic controls (36±8.2 vs. 18.9±5.2%; P<0.001), and HIF-1α shRNA #1 significantly attenuated the hypoxia-induced vascular remodeling and the thickening of the pulmonary arterioles (P<0.05; Fig. 2B ). Figure 1 . Lentivirus-mediated delivery of hypoxia-inducible factor-1α (HIF-1α) shRNA to pulmonary arteries inhibits the hypoxia-induced upregulation of HIF-1α. SD rats received EGFP-encoding lentiviruses carrying HIF-1α shRNA #1, HIF-1α shRNA #2 or scramble shRNA by intratracheal instillation for 6 days, followed by exposure to hypoxia (10% O 2 ) for 3 weeks. SD rats without lentiviral treatment were exposed to hypoxia or normoxia for 3 weeks as the control (n=6 for each group). (A) Following exposure to hypoxia, the cryosections of the lungs from the rats receiving lentiviral treatment were prepared and examined under a fluorescence microscope (x200 magnification; scale bar, 100 µm) to detect the expression of green fluorescence protein (GFP), which was primarily aligned with the pulmonary vessels. Following lentiviral treatment and exposure to hypoxia, the rats were sacrificed and the pulmonary arteries were isolated. The levels of (B) HIF-1α mRNA and (C) HIF-1α protein in the pulmonary arteries were assessed by RT-qPCR and western blot analysis, respectively. This figure shows the representative images from each group, and the values are expressed as the means ± SD. *** P<0.001, hypoxia vs. normoxia; ### P<0.001, hypoxia + HIF-1α shRNAs vs. hypoxia.
However, the reduction in hypoxia-induced vessel wall thickening by HIF-1α shRNA #2 lacked statistical significance, which was probably due to the small sample size. RVSP, an indicator of pulmonary arterial pressure, was measured in the rats from all groups (n=6 each group). RVSP in rats under normoxics conditions was 21.73±5.3 mmHg, and the rats that were exposed to 10% O 2 for 3 weeks developed PH with an RVSP of 42.04±9.7 mmHg, which was significantly higher than that of the normoxic controls (P<0.01; Fig. 2C ). By contrast, the RVSP of the rats that were pre-treated with HIF-1α shRNA was 26.19±6.9 and 30.83±4.82 mmHg for HIF-1α shRNA #1 and HIF-1α shRNA #2, respectively. The RVSP values of the rats that were pre-treated with HIF-1α shRNA were markedly reduced compared to those of the hypoxia group (P<0.05), and no statistically significant differences were observed compared to the normoxia group, suggesting that the rats treated with HIF-1α shRNA did not develop PH after 3 weeks of exposure to hypoxia.
Immunohistochemical staining for α-SMC, a typical marker of SMCs, indicated that the hypoxia-induced thickening of the pulmonary arterioles was attributed to the increased numbers of SMCs, which was markedly reduced by HIF-1α shRNA #1 and #2 (Fig. 2D) . In normal lungs, only 11.1±4.4% of the pulmonary arterioles were fully muscularized, whereas exposure to chronic hypoxia significantly induced muscularization of the pulmonary arterioles (31.8±7%; P<0.001). Compared with the hypoxia group, pre-treatment with HIF-1α shRNA #1 significantly reduced the percentage of fully muscularized pulmonary arterioles (19.1±4.5%; P<0.01), whereas HIF-1α shRNA#2 reduced the muscularization of pulmonary arterioles to a lesser Figure 2 . Hypoxia-inducible factor-1α (HIF-1α) shRNA pre-treatment reduced hypoxia-induced pulmonary hypertension (PH) and pulmonary arterial remodeling. SD rats with and without pre-treatment of HIF-1α shRNA were exposed to hypoxia for 3 weeks. (A) Hematoxylin and eosin (H&E) staining of the lung sections were performed, and the sections were examined microscopically under a 400X lens (scale bar, 50 µm). (B) The external diameter and internal diameter of the arteries were measured based on H&E images using ImageJ software, and the percentage wall thickness was calculated as described in the Materials and methods. (C) Following exposure to hypoxia or normoxia, right ventricular systolic pressure (RVSP) was measured. (D) The degree of muscularization of pulmonary arteries was assessed by immunohistochemical staining for α-smooth muscle actin (α-SMA) in the lung sections. The images were photographed at x400 magnification (scale bar, 50 µm), and (E) the percentage of fully muscularized vessels was statistically analyzed based on 60-80 vessels/rat. The figure shows the representative images from each group (n=6/group), and the values are expressed as the means ± SD. *** P<0.001, hypoxia vs. normoxia;; # P<0.05 and ## P<0.01, hypoxia + HIF-1α shRNAs vs. hypoxia. extent (23.6±5.3%) (Fig. 2E) . These results demonstrated that the suppression of HIF-1α expression by RNAi attenuated the symptoms of hypoxia-induced PH and pulmonary vascular remodeling.
Reduced expression of HIF-1α in PASMCs inhibits the hypoxia-induced acceleration of cell proliferation and cell cycle progression.
The deregulated proliferation of PAECs is regarded to play a central role in hypoxia-induced PH and vascular remodeling as vascular endothelial growth factor (VEGF) has been demonstrated to be a HIF-1 target that drives vascular remodeling (21) , and PAEC-secreted factors can also promote PASMC proliferation (6, 7) . In this study, we focused on the endogenous role of HIF-1α in PASMCs. PASMCs were prepared from 6-8-week-old SD rats, and the purity of the isolated cells was determined by immunofluorescence staining using a specific antibody against α-SMC (Fig. 3A) . Primary PASMCs were cultured in vitro, and infected with lentiviruses carrying HIF-1α shRNA #1 or scramble shRNA. Exposure to hypoxia (5% O 2 ) for 48 h resulted in a 2.63-fold elevation of HIF-1α mRNA expression (P<0.001) and in a 4.05-fold elevation of HIF-1α protein expression (P<0.001) in the PASMCs compared with the cells under normoxic conditions ( Fig. 3B and C) . By contrast, HIF-1α shRNA reduced the hypoxia-induced elevation of HIF-1α by 85-90% at the mRNA and protein level (P<0.001). These results indicated a high efficiency of the HIF-1α shRNA-mediated inhibition of HIF-1α expression in PASMCs under hypoxic conditions.
The proliferation and cell cycle of the PASMCs treated with or without RNAi and exposed to hypoxia were assessed. As shown in Fig. 4A, 48 h of exposure to hypoxia doubled the number of PASMCs compared with those under normoxic conditions (P<0.001), while HIF-1α shRNA markedly suppressed the hypoxia-accelerated proliferation of the PASMCs (P<0.001). Cell cycle analysis revealed that hypoxia disrupted the progression of the cell cycle of PASMCs, as indicated by the reduced number of cells in the G 0 / G 1 phase (P<0.001) and the accumulation of the cells in the G2 phase (P<0.001) in the hypoxia-exposed cells as compared to the cells under normoxic conditions (Fig. 2B and C) . This result implied hypoxia induced accelerated cell cycle and enhanced proliferation of PASMCs. On the contrary, treatment with HIF-1α shRNA significantly attenuated the hypoxia-induced disruption of the cell cycle distribution at both the G 0 /G 1 phase (P<0.01) and G2 phase (P<0.001) in the PASMCs. These data suggest that the proliferation and cell cycle of PASMCs are directly regulated by HIF-1α in response to hypoxia. 
Discussion
HIF-1α has been demonstrated to play an essential role in the pathophysiology of chronic hypoxia-induced PH in a mice with the heterozygous deletion of HIF-1α (11) and in mice with the smooth muscle-specific disruption of HIF-1α (12) . Recently, HIF-1α has been implicated in several molecular mechanisms accounting for the pathogenesis of PH (22) (23) (24) . In addition, the increased expression of HIF-1α has been found in the pulmonary arteries of many patients with idiopathic PH (13, 25) . Although HIF-1α is recognized to be a key player in PH, surprisingly, the potential of HIF-1α as a therapeutic target in the treatment of PH has seldom been evaluated in previous studies. In this study, we employed a lentivirus-mediated gene delivery approach to introduce HIF-1α shRNA to the pulmonary vessels in SD rats, and found that the suppression of the expression of HIF-1α in the pulmonary arteries effectively attenuated chronic hypoxiainduced PH and pulmonary vascular remodeling. In addition, the reduction of HIF-1α expression in primary PASMCs by RNAi significantly inhibited the hypoxia-induced acceleration of the proliferation and cell cycle of PASMCs, suggesting that the HIF-1α-mediated over-proliferation of PASMCs under hypoxic conditions may play an important part in the development of hypoxic PH.
The protein level HIF-1α is highly regulated by intracellular O 2 tension. Under normoxic conditions, HIF-1α is continuously synthesized and expressed in the cytoplasm, but is rapidly degraded by the ubiquitin-mediated pathway. However, under hypoxic conditions, the low availability of O 2 inhibits the hydroxylation of HIF-1α and the subsequent ubiquitination and proteasomal degradation, resulting in the accumulation of HIF-1α protein in the nucleus and the initiation of the transcription of hypoxic responsive genes (26). In addition, the level of HIF-1α is also regulated at the transcriptional level in response to a variety of growth factors via the activation of various signaling pathways, such as the phosphatidylinositol 3-kinase (PI3K) pathway or mitogen-activated protein kinase (MAPK) pathway (27, 28) . In this study, exposure to chronic hypoxia resulted in the elevation of HIF-1α mRNA and protein levels in the pulmonary arteries of SD rats and in the in vitro cultured PASMCs, suggesting that, in addition to the instant protein stabilization in the absence of O 2 , HIF-1α expression is enhanced at the transcriptional level as an adaptive response to chronic hypoxia. Thus, the inhibition of HIF-1α expression by RNAi is apparently an efficient approach to delay or alleviate hypoxia-induced pathological alterations.
As a critical feature of pulmonary vascular remodeling, the hypertrophy and hyperplasia of PASMCs contributed greatly to the sustained increase of pulmonary vascular resistance and pulmonary artery pressure in PH (20) . In this study, we observed thatthe lentivirus-mediated delivery of HIF-1α shRNA effectively inhibited HIF-1α expression in the pulmonary arteries of SD rats that were exposed to chronic hypoxia, and such a reduction in HIF-1α expression markedly attenuated the hypoxia-induced hyperplasia of PASMCs and the elevation of RVSP, an indicator of pulmonary arterial pressure. These results suggest a promising therapeutic potential of HIF-1α shRNA for hypoxic PH.
Previous studies have demonstrated that PAECs can regulate PASMC proliferation by releasing growth stimulators, such as serotonin and fibroblast growth factor-2 (FGF-2) (6,7), or by reducing the production of factors that normally suppress PASMC proliferation, such as apelin (29) . In this study, by culturing PASMCs in vitro, we demonstrated that hypoxia induced the acceleration of PASMC proliferation independent of PAECs, but via HIF-1α-mediated hypoxic responses, suggesting that HIF-1α plays a critical role in PASMC hyperplasia in hypoxia-induced PH. These in vitro findings also support the observation in the mice with PH with smooth muscle-specific deletion of HIF-1α that HIF-1α in the smooth muscle cells contributes to the development of PH in chronic hypoxia (12) . In addition to hypoxia, HIF-1α has also been implicated in the growth factor-induced proliferation of PASMCs, presumably through the HIF-1-dependent expression of cyclin A (30, 31) , which may be also involved in the accelerated cell cycle of PASMCs under chronic hypoxic conditions in this study.
Our in vivo study demonstrated that the intratracheal instillation of lentivirus-carried HIF-1α shRNA effectively attenuated the hypoxia-induced elevation of RVSP, pulmonary vascular remodeling and the muscularization of arterioles, providing evidence for the therapeutic potential of HIF-1α shRNA for hypoxic PH. Genetic medicine has long been proposed to be of tremendous therapeutic potential and has been assessed in several diseases (32, 33) . One major issue associated with the virus-based gene transduction system is the host immune response, thus non-viral delivery methods with satisfactory efficiency are being developed for potential clinical applications (34) . Hence, the efficiency of non-virusbased delivery of HIF-1α shRNA to pulmonary arteries and its efficacy for the treatment of PH is to be evaluated in future studies for the potential use of HIF-1α shRNA in the treatment of PH.
In conclusion, this study demonstrated that the inhibition of HIF-1α expression by the lentivirus-mediated delivery of HIF-1α shRNA into rat pulmonary arteries effectively attenuated the symptoms associated with hypoxia-induced PH, which was, at least partially, attributed to the suppression of the hypoxia-induced hyperplasia of PASMCs when HIF-1α was silenced. Moreover, this study provides the preliminary evidence for the therapeutic potential of HIF-1α shRNA in the treatment of hypoxic PH.
